Ice basal conditions determine the ice flow dynamics and are needed for the accurate modeling of ice sheets. In this paper, a large volume of data, collected over Byrd Glacier in 2011-2012 with multichannel radar, is analyzed to infer the basal conditions. The analysis of received radio echo sounding data includes power loss corrections for spherical spreading and roughness of the ice-surface and ice-bed interfaces, and the estimate of relative englacial attenuation and basal reflectivity values. From the estimated relative basal reflectivity values, basal conditions are inferred, and are validated using geophysical features from radar images, abruptness and coherence index values. The identified locations of high basal reflectivity values provide new insights on the subglacial hydrological network of Byrd Glacier.
INTRODUCTION
The catchment basin of Byrd Glacier (80.5° S, 160° E) extends over an area of 1,070,400 km and is the largest catchment basin in Antarctica. It funnels 20.6 + 1.6 Gt yr [1] of ice to the Ross Ice Shelf through a ~ 75 km long, ~20km wide fjord [2] . Over 300 sub glacial lakes [3] lie beneath Antarctica, and these sub glacial lakes form an important component of the basal hydrological system, which affects the dynamics of the ice sheet [4] . Surface elevation changes are used to document the movement of subglacial water between subglacial lakes and along ice streams [5] . Seventeen sites of rapid ice-elevation changes have been identified within the Byrd Glacier catchment, potentially making the Byrd Glacier bed the most hydrologically active location in East Antarctica [6] .
Radio echo sounding (RES) is a much more practical approach to study complete glaciers as compared to methods involving seismic experiments or drilling of boreholes [7] . Because the radar echoes reflected from the ice bed are directly related to the dielectric contrast of the interface, RES data have been used to infer the basal conditions from the estimated reflectivity values [8] .
The purpose of this paper is to generate a radiometrically calibrated ice bed reflectivity map of the Byrd Glacier catchment to infer its basal conditions. The data used in this paper were collected during 2011-2012 as a part of an airborne radar measurement program using a Twin Otter Aircraft and the Multi-Channel Coherent Radar Depth Sounder (MCoRDS) developed at the Center for Remote Sensing of Ice sheets (CReSIS), University of Kansas. The radar was operated at a center frequency of 195MHz with a bandwidth of 30 MHz [7, 9] .
THEORY
Assuming most of the glacier surface to be specular or with a small-scale roughness, the power received by the radar ( ) from such surface, is given by [10] = |〈 〉|
where is the operating wavelength in free space, and are the gains of transmit and receive antennas, respectively. accounts for small-roughness scattering effects, is the transmitted power, ℎ is the height of aircraft above the ice surface, is the ice thickness, is the index of refraction for ice, is englacial attenuation and 〈R 〉 is the averaged basal reflection coefficient over the imaged resolution cell. R is given by
where, and are the complex dielectric permittivity values of the two media. The power reduction caused by the roughness can be calculated as [8] = ∅ (3) Here, is the zero th -order modified Bessel function of the first kind and ∅ is the phase shift given by =
where is the vertical root mean square (RMS) displacement of the surface from its mean plane and is the wavelength at the reflecting surface. Based on the radar equation, the radiometrically calibrated ice bed reflectivity (in dB) is given as
where P is the received power (after correcting for roughness), S is the system parameter including antenna gains and processing gain, R is the ice bed reflectivity, L is the englacial attenuation and G is the geometric spreading loss given as
ROUGHNESS ESTIMATION
We estimated the roughness of the ice surface in terms of the correlation length and RMS height by using the model given in [11] . The correlation length describes the surface roughness in the horizontal dimension. This model is valid only for < 0.3, which does not always hold for the surface of Byrd Glacier. Therefore, the roughness of the ice surface as estimated from the radar data based on the statistics of the received returns using the method given in [12] .
The received signal consists of two components: a coherent (or deterministic) component from quasi-smooth surface and an incoherent (or random) component from rough surfaces. If the ice surface interface is specular, the backscattered radiation is dominated by the coherent component with a negligible incoherent component. In the case of a rough surfaces, the received backscattered radiation is dominated by the incoherent component.
The ice surface RMS heights (in meters) were calculated using this method for two data frames of two flight paths (designated as 20111213_05_009 and 20111212_01_002, respectively). The results for areas with smooth and rough surfaces are shown in Fig. 1 and Fig. 2 , respectively. The roughness map for the complete surveyed area of Byrd glacier obtained using the same method is shown in Fig.3 . Fig. 3 Surface roughness map of Byrd Glacier derived from radar measurements (color axis is in meters)
In the map shown in Fig. 3 , the estimated roughness of the ice surface as the glacier converges at the trunk is relatively higher than in other locations. The received power variations due to roll effect of the aircraft at the turns of the flight lines are not compensated in this work.
The roughness map of the ice-bed interface computed using the same method is shown in Fig. 4 Fig . 4 Ice-bed interface roughness of Byrd Glacier derived from radar measurements (color axis is in meters)
The ice-bed roughness is clearly at a larger scale than that of the ice surface at certain parts of the glacier, but it is relatively smooth in most areas.
ESTIMATION OF RELATIVE ENGLACIAL ATTENUATION The geometrically corrected bed-echo power is given by [ ] + [ ] = [ ] = [ ] + [ ] − [ ] (7)
Once the power reduction due to the roughness has been accounted for, the reflectivity values can be estimated from the radar received power if the englacial attenuation is known. The computed relative englacial attenuation for the complete survey area of Byrd glacier is shown in Fig. 5 .
Fig. 5 Estimated Relative englacial attenuation over Byrd
Glacier derived from radar data (color axis in dB)
The dark blue colored areas in the above map represent locations with the least relative englacial attenuation proportional to the ice thickness.
The relative reflectivity was obtained using all the parameters computed as discussed above. The corresponding reflectivity map is shown in Fig. 6 along with locations with elevation changes derived from ICESat data [6] (marked in black) and previously predicted flow paths based on hydraulic potential [15] (marked in white). Fig. 6 Relative reflectivity map derived from radar data.
The high reflectivity locations identified in this work do not exactly match with the locations previously discerned from elevation changes [6] . Nevertheless, these locations align with or are close to previously predicted flow paths [15] . . These results can be used to better understand the interconnection within the hydrological subglacial system of Byrd glacier.
VALIDATION
At the potential subglacial water locations inferred from this work, distinct geophysical features can be observed. For example, these areas present ice that is thick enough to serve as insulating layer and regulate heat exchange; an ice bed interface that is configured to accumulate water; high dielectric contrast and bright ice-bed reflection visible from echograms; flat overlying ice surface; and a greater dipping angle of the internal reflectors as compared to the bed [10] . These features can be identified and verified using radar echograms. Fig. 7 shows an example of an echogram from such a location, with potential subglacial water. The estimated locations with potential presence of water are also validated using the reflection abruptness index ( ) and the coherence index ( ) [16] , given as
where ( ) is the peak power in the received echo signal and ( ) is the aggregate power of the received echo signal.
is the along-track distance interval for coherent and incoherent integration.
is the aggregation interval. ( , ) is the complex echo signal.
is the slope maximizing the coherent integral.
The calculated abruptness and coherent index values for the same location, shown in Fig. 7 , with potential subglacial water is shown in Fig. 8 (between 24-35 km along the segment). 
CONCLUTIONS AND FUTURE WORK
The basal conditions of Byrd Glacier were estimated by using RES data. The locations identified to have high reflectivity provide new insights regarding the hydrological subglacial system of Byrd Glacier. In this work, the geometry of the icebed interface and roll effects of the aircraft were not compensated. As future work, absolute englacial attenuation will be determined for the complete glacier by exploring new methods and signatures of the radar data.
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